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Deactivation of Ni catalyst in three-phase CO,
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In three-phase CO, methanation dibenzyl toluene is used as the liquid phase in a slurry bubble column
reactor. At reactor temperatures (Tg) higher than 260 °C deactivation of the Ni/SiO, catalyst was observed.
After deactivation for 120 h at Tg = 320 °C, stationary operation is possible with a loss of catalytic activity

of =50%. Based on experimental results, it can be stated that deactivation is caused by decomposition of
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1 Introduction

In future energy systems, the share of renewable electrical
energy from regenerative sources like wind and solar power
will be high. Due to environmental influences such as
daytime and weather, electrical energy production from these
sources will be fluctuating, so processes for energy storage are
needed to meet the demand." Besides batteries or capacitors,
power-to-gas technologies provide a possibility to store
electrical energy from fluctuating sources. In this case,
electrical energy is used to power electrolysis and produce
hydrogen from water. The obtained hydrogen can be used
directly or as a feedstock for downstream synthesis such as
CO, methanation.” This route offers a high storage capacity
using the natural gas grid.

In CO, methanation substitute natural gas is produced
using H, from water electrolysis and CO, from ambient air
and industrial or biological sources.>* To allow the storage of
renewable electrical energy various approaches address the
transient operation of CO, methanation.>” The main
challenge regarding dynamic operation of the methanation
reactor is heat management to avoid thermal deactivation of
the catalyst.

One approach is three-phase CO, methanation: using the
liquid phase dibenzyl toluene in a slurry bubble column
reactor (SBCR), isothermal operation is possible even for high
load changes.®® The robustness regarding load and
temperature changes in the SBCR allows dynamic operation
of CO, methanation. In the SBCR a Ni/SiO, catalyst is used
for CO, methanation. Lefebvre et al. determined reaction
kinetics for the relevant operating conditions.'® Sauerschell
et al. showed robustness of the SBCR regarding dynamic
operation of a 100 kW methanation pilot plant.’
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dibenzyl toluene at high reactor temperature, resulting in carbon deposition on the catalyst surface.

For reactor design, it is crucial to address possible catalyst
deactivation in chemical synthesis. There are numerous
mechanisms that can lead to catalyst deactivation in CO,
methanation. In three-phase CO, methanation additional
deactivation mechanisms can occur due to the the liquid
phase dibenzyl toluene (DBT, C,;H,,) present in the reactor.
For example, the adsorption of DBT or decomposition of DBT
which leads to adsorption of decomposition products or
carbon deposition could decrease catalytic activity. On the
other hand, deactivation mechanisms which are often
observed in CO, methanation such as sintering can be
avoided due to the good heat management in the reactor. For
technical application, deactivation of the catalyst should be
limited to avoid additional costs for catalyst regeneration or
exchange. Therefore, reaction conditions that lead to catalyst
deactivation have to be determined.

The goal of this work is to determine which reactor
temperature leads to catalyst deactivation in three-phase CO,
methanation, quantify the maximum loss of catalytic activity
for steady-state operation and identify the underlying
mechanisms responsible for catalyst deactivation.

To identify the mechanism relevant for catalyst
deactivation an experimental exclusion approach is applied
in this work: catalyst deactivation mechanisms in CO,
methanation that are discussed in the literature are
presented in section 2. Experiments are performed under
different reaction conditions to rule out all mechanisms that
are irrelevant. For evaluation of catalytic activity, CO, reaction
rate is used and an experimental procedure is developed to
account for DBT hydrogenation which occurs as a side
reaction in three-phase CO, methanation.

2 Theory
2.1 Catalytic CO, methanation

CO, methanation was firstly described by Sabatier in 1902."
CO, and H, are converted to CH, and H,O:
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CO, + 4H, = CH, + 2H,0 AHg = -165 kJ mol™ (1)

Different catalysts can be used (e.g. Ru, Fe and Rh). In
industrial application Ni is often chosen, as it shows
sufficient selectivity and activity for CO, methanation at a
low price.'>"® Reaction conditions range from T = 250-550 °C
and pap,s = 1-100 bar.'*'?

The reaction is highly exothermic so heat management is
crucial for reactor design, especially for systems that have to
cope with load changes.'® Load changes are critical regarding
thermal deactivation of the Ni catalyst used: an increase of
the gas load (increased volume flow of educt gases) leads to
more reaction heat being released at the catalyst surface. As a
consequence, sintering of active sites on the catalyst surface
is possible, which decreases catalyst activity.

In three-phase CO, methanation temperature hotspots
are avoided even for high load changes and an almost
isothermal operation is possible.” The reactor used is a
slurry bubble column reactor (SBCR) shown in Fig. 1:
catalyst particles are suspended in the liquid phase dibenzyl
toluene and are fluidized by the entering gas flow. H, and
CO, are evenly distributed at the bottom of the reactor using
a gas sparger (e.g. a perforated plate). In the reactor, educt
gases are dissolved in the liquid phases and converted to
CH, and H,O at the catalyst surface. The liquid phase DBT
exhibits a high heat capacity and is present directly at the
catalyst surface; therefore, reaction heat can be removed
from the system without formation of temperature hotspots
that are critical regarding thermal catalyst deactivation. In
addition, the gas flow creates a high degree of mixing inside
the reactor so isothermal operation is possible. The concept
of using a slurry bubble column reactor for dynamically
operated three-phase CO, methanation was validated on the
100 kW scale: Sauerschell et al.° employed a 100% gas load
change during CO, methanation in a SBCR. The gas flow
was ramped up within 30 s and a moderate rise of reactor
temperature of 15 K was observed.

In summary, the introduction of liquid phase DBT in CO,
methanation allows a highly dynamic operation which is of
great interest regarding the load flexibility of chemical
synthesis needed in future energy systems.

Educt &

product gas Catalyst

particles

Liquid phase

Gas sparger

Fig. 1 Schematic drawing of a slurry bubble column reactor used for
three-phase CO, methanation.
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Possible catalyst deactivation mechanisms in three-phase
CO, methanation. To determine the mechanisms which are
relevant for catalyst deactivation in three-phase CO,
methanation an experimental exclusion approach is applied.
In the following section, catalyst deactivation mechanisms
which are discussed in the literature for CO, methanation
are presented. Exclusion of irrelevant mechanisms is
performed by variation of reaction conditions in section 4.3.

There are many different mechanisms that can lead to
catalyst deactivation in CO, methanation."”'® Bartholomew™’
divides catalyst deactivation mechanisms into three basic
categories: thermal, mechanical and chemical deactivation.

Thermal catalyst deactivation mainly describes loss of
active surface due to sintering or support interactions at high
temperature."”*® To determine if a system is prone to
thermal deactivation, the Hiittig temperature of the catalyst
material can be determined.”" For the experiments performed
in this work, the maximum reactor temperature is limited to
Tr = 320 °C. The Hiittig temperature (Tuuewig) for the used
Ni/SiO, catalyst is Tyyig >450 °C for both active component
and carrier, so thermal deactivation can be neglected.

Mechanical deactivation comprises loss of catalytic activity
caused by attrition or crushing of catalyst particles as well as
fouling on the catalyst surface.'® Experiments presented in
this work were performed in a continuous stirred-tank
reactor (CSTR). Catalyst attrition is possible in both the SBCR
and the CSTR because of the high shear forces present.
However, for the experiments performed in the scope of this
work mechanical deactivation caused by catalyst attrition is
ruled out as a possible catalyst deactivation mechanism. At
the reactor outlet a filter is installed which showed no
catalyst particles even for experiments with long time on
stream (280 h). Also, no catalyst discharge to the condensate
vessel was observed.

Loss of catalytic surface caused by fouling is also possible
in CO, methanation. One possibility is fouling by carbon
deposition according to the Boudouard reaction:**>*

CO, + C = 2CO AHg =-173 k] mol™ (2)

Furthermore, methane pyrolysis could lead to carbon
deposition. Both reactions are favored at high temperature
and low H,/CO ratio.”»*® Carbon deposition is mainly
discussed in CO methanation®” but needs to be considered
for CO, methanation as well since it is a combination of the
reverse water gas shift reaction followed by CO methanation.”

Another possibility, which could be specifically relevant in
three-phase  methanation is carbon deposition by
decomposition of dibenzyl toluene which is used as the
liquid phase. This effect already observed in
dehydrogenation of dibenzyl toluene.*®**° Decomposition of
DBT was observed using Pt catalysts, with decomposition
products benzyl toluene, benzene, toluene, xylene and
methane. In this case, the catalyst was deactivated by carbon
deposition on the catalyst surface which was formed in the
decomposition reaction. Carbon deposition by decomposition

was

This journal is © The Royal Society of Chemistry 2025
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of higher hydrocarbons has also been discussed in
methanation of biosyngas.*

Chemical deactivation mechanisms comprise the loss of
catalytically active surface caused by side reactions of the
active material or by catalyst poisoning. In this work a nickel
catalyst is used for CO, methanation. For temperatures lower
than 200 °C the formation of nickel tetracarbonyls is a

possible side reaction:***'*?
Ni(s) + 4C0(g) = Ni(CO)4(g) (3)

The reaction involves CO as a reactant but can also occur in
CO, methanation in which the formation of CO is discussed
as a reaction intermediate. The formation of nickel
tetracarbonyls leads to gaseous discharge of Ni from the
reactor or agglomeration of Ni particles in the case of direct
decomposition.*>>!

The second possibility for chemical deactivation is catalyst
poisoning by adsorption of components on the catalyst
surface.'® These can be impurities in the educt gases, such as
sulfuric components like H,S or thiophenes.**** In three-
phase methanation impurities in the liquid phase DBT could
also lead to chemical catalyst deactivation.

Furthermore, the adsorption of DBT on the catalyst
surface needs to be considered. At a high degree of
hydrogenation there are fewer aromatic DBT molecules that
adsorb more strongly on the catalyst surface.** Thus, catalyst
deactivation should be more pronounced at a low degree of
hydrogenation if it is caused by DBT adsorption.

An additional effect that can cause the loss of catalytic
activity is catalyst oxidation. This effect is not reported in
CO, methanation but is observed in other three-phase
systems such as Fischer-Tropsch synthesis.*” For the sake of
full consideration of possible deactivation mechanisms,
catalyst oxidation is also addressed in this work.

For activation, the catalyst is reduced with H, according to

eqn (4):
NiOg) + Hagg) = Nigg) + H,0(q) AHg=-2kImol™"  (4)

In CO, methanation, H,O is formed as a side product. This
can lead to oxidation of the catalyst as the reverse reaction of
eqn (4). In this case, NiO is formed, which is not active for
CO, methanation.

2.2 DBT hydrogenation as a side reaction in three-phase CO,
methanation

In three-phase CO, methanation DBT hydrogenation is
observed as a side reaction competing for H,.>® The reaction
is shown in eqn (5):

Cy1Hyo + 9H, = C,1H3g AHR = -588 kJ m0171 (5)

The extent of hydrogenation is described by the degree of
hydrogenation (DoH). It describes the share of hydrogenated

This journal is © The Royal Society of Chemistry 2025
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double bonds of DBT molecules in the evaluated sample
according to eqn (6):

DoH — Nhydrogenated double bonds [6)

Ninitial double bonds

As DBT consists of three aromatic rings, hydrogenation of
DBT is a stepwise reaction with the (intermediate) products
H6-DBT (DoH = 1/3), H12-DBT (DoH = 2/3) and H18-DBT
(DoH = 1). In the scope of the experiments presented in this
work, DBT hydrogenation is operated in semi-batch mode.
The reaction reduces the reaction rate of CO, methanation
until chemical equilibrium of DBT hydrogenation is
reached.®® For a detailed analysis of catalyst deactivation in
three-phase CO, methanation, the influence of DBT
hydrogenation on the CO, reaction rate should be avoided.
Therefore, the CO, reaction rate is evaluated when the DoH
is constant, meaning the chemical equilibrium of DBT
hydrogenation is reached (see experimental procedure in
section 3.2.2).

3 Materials and methods
3.1 Experimental setup

CO, methanation and DBT hydrogenation experiments are
performed in a continuous stirred-tank reactor (CSTR). Using
this setup the influence of hydrodynamics and mass
transport resistances can be neglected. This allows for direct
evaluation of catalyst deactivation by comparison of reaction
rates.

The absence of mass transport resistance was verified by
variation of stirrer speed. Educt gas volume flow to the
reactor is controlled using mass flow controllers. The
temperature in the reactor is controlled using an electrical
heating jacket. Product gases leave the reactor through an
electrically heated pipe to avoid condensation of water and
backflow to the reactor. The product gas flow is cooled in a
condensate vessel, in which water and other evaporated
components are collected. The composition of the remaining
gas is then analyzed using an Agilent 490 Micro GC
instrument.

For CO, methanation a commercially available NiO/SiO,
catalyst is used. Before the start of the experiment the catalyst
is activated by reduction with H,. Catalyst reduction is
performed in a fixed-bed reactor at Ty = 430 °C for t,.q = 72 h.
After activation, it is suspended in DBT in an inert
atmosphere to avoid the oxidation of nickel. After transferring
to the CSTR, the stirrer speed, reactor pressure and
temperature are set. For pressure build-up, Ar is used as an
inert gas. Once all reaction conditions are constant, the flow
of educt gases is started. Throughout the experiment liquid
samples are taken from the CSTR to determine the DoH of
DBT.

To evaluate catalyst deactivation in three-phase CO,
methanation, the catalytic activity needs to be determined
from product gas composition. The catalyst which is used in
this work exhibits high selectivity for CH,4,*” hence side

React. Chem. Eng., 2025, 10, 2825-2834 | 2827
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reactions involving CO, are neglected and the CO, reaction
rate rco, is used to quantify the loss of catalytic activity:

Xco
rco, = ——— 7)
Tmod,CO,
CO, conversion Xco, is determined using the product gas
composition measured by the micro GC and the volume flow

set by the mass flow controllers:
_ ﬁCOZ,in _ﬁCOZ,out

X -_—" . 8
02 nco,,in ( )

Further, the modified residence time of CO, is determined
using the molar flow of CO, as well as catalyst mass:

Mcat
Tmod,CO, = = 2 (9)
Nnco,,in
The stoichiometric number S is used to characterize the
educt gas flow in CO, methanation experiments. It describes
the ratio of the molar flow of H, to the molar flow of CO,
with their respective stoichiometric numbers according to
eqn (1). S is 1 for a stoichiometric ratio of the molar flows.
n
5=k (10)
4'?1(;02

The DoH of DBT is determined by density measurement at
T = 20 °C of liquid samples taken from the CSTR using a
correlation for the specific isomeric mixture of DBT
molecules used:**

2
DoH = 22.45 —37.36(%) + 15.19(%) (11)
g cm gcm

3.2 Evaluation of catalyst deactivation

3.2.1 Determination of reactor temperature that leads to
catalyst deactivation. To determine the reactor temperature
at which catalyst deactivation occurs, experiments at different
reactor temperatures for a time on stream of 24 h are
performed. For each experiment a new batch of DBT and
fresh catalyst is used to ensure the same starting conditions.
The experimental procedure is shown in Fig. 2.

\ Tr = Trer =260 °C
o]

varying Tk

Reactor pressure pp &
Reactor temperature 7
H, molar flow ’.’117 &
CO, molar flow ’:'co,

——

0.0 235 240
Time on Stream 70S in h

25 315

Fig. 2 Experimental procedure to determine reactor temperature that
leads to catalyst deactivation.
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Reactor pressure is set by dosing inert gas with the mass
flow controllers, and reactor temperature is set using the
electrical heating of the CSTR. Once reactor temperature
and pressure are constant in the reactor, the flow of educt
gases is continued for 24 h. To evaluate catalyst activity
after 24 h the temperature is set to a reference temperature
of Trer = 260 °C as preliminary experiments showed no
catalyst deactivation at 7y <260 °C. Therefore, this
temperature was chosen as a reference to evaluate the
catalytic activity by calculation of CO, reaction rate rco, (see
eqn (7). If catalyst deactivation occurs, a lower r¢o, should
be observed at Tger. However, the calculated CO, reaction
rates cannot be used to quantify catalyst deactivation since
the chemical equilibrium of DBT hydrogenation is not
reached at ToS = 24 h. Therefore, rco, determined at Tger is
influenced by the DBT hydrogenation reaction. The reactor
pressure and molar flow of educt gases CO, and H, remain
constant throughout the experiment.

3.2.2 Quantification of catalyst deactivation for steady-
state operation using CO, reaction rate. To quantify the loss
of catalytic activity for steady-state operation the CO,
reaction rate rqo, is used (see eqn (7)). rco, is influenced by
DBT hydrogenation until chemical equilibrium is reached
(DoH = const.). For the quantification of catalyst
deactivation, the influence of DBT hydrogenation needs to
be considered. Hence, the experimental procedure shown
in Fig. 3 was chosen.

Reactor pressure is built up by dosing inert gas Ar
using mass flow controllers; reactor temperature is set
using the electrical heating of the CSTR. Once reactor
temperature and pressure are constant, the flow of educt
gases is started. At the start of the experiment a reactor
temperature of Tz = 260 °C is set for ToS =~ 120 h. This
time period is chosen to allow DBT hydrogenation to
reach its chemical equilibrium. Then, the reactor
temperature is increased to Tx = 320 °C until steady-state
operation regarding rco, is reached. Once the CO, reaction
rate stabilizes (up to ToS = 250 h), the reactor temperature
is set again to Trer = 260 °C. The loss of catalytic activity
is quantified by comparison of CO, reaction rate after
operation at Tz = 320 °C (ToS = 227 h) with its value at

Yy ) Yy
7/ 7/ 7/

Tr=320°

Tr =260 °C /

Tr = Trer =260 °C

1mom0m0mmc|

@
LA
&y,
L ;’coz

Reactor pressure py &
Reactor temperature 7
H, molar flow i, &
CO, molar flow n¢,

00 05 1200 1205  200,0 200,5

Time on Stream 70S in h

227,5

Fig. 3 Experimental procedure to quantify loss of catalytic activity for
steady-state operation excluding the influence of DBT hydrogenation.
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Tr = 260 °C after reaching the hydrogenation equilibrium
(ToS = 120 h).

For the experiments aiming to identify the underlying
catalyst deactivation mechanism a similar experimental
procedure was chosen. Reaction conditions were adjusted to
investigate the deactivation mechanisms discussed in section
2.1.

Apart from product gas analysis, the liquid phase and
catalyst particle samples were analyzed to support the
identification of the deactivation mechanism. Liquid phase
samples were analyzed using a two-dimensional GC x GC to
identify possible DBT decomposition products.

Samples of catalyst particles were analyzed using scanning
electron microscopy (SEM) and thermogravimetric analysis
(TGA) to check for residues on the catalyst surface.

4 Results

4.1 Determination of reactor temperature that leads to
catalyst deactivation in three-phase CO, methanation

To determine the reactor temperature that leads to catalyst
deactivation in three-phase CO, methanation, experiments
were carried out according to the experimental procedure
presented in section 3.2.1.

In Fig. 4 the CO, reaction rate rco, (see eqn (7)) is
shown under the same reaction conditions of Tges = 260 °C
and py, = 13.2 bar. These reaction conditions were set after
the operating point: each experiment was conducted for
ToS = 24 h at a specific reactor temperature 7. During this
ToS possible catalyst deactivation can occur. Comparison of
the CO, reaction rates under the same conditions after
ToS = 24 h allows the evaluation of the loss of catalytic
activity dependent on reactor temperature. The CO, reaction
rate is constant for Tz = 220-260 °C. For Ty >260 °C, a
decrease in rqo, is observed. This can be explained by catalyst

40 X107 Tre=260 °C; py, = 13,2 bar; 5,040, = 10 kg-s'mol!; S=1
_ | co,
‘@ == 7'co,ret 1O Tep =260 °C
1
= 301
=]
g
g 1 EF - E' - .i U )
g i_
< 20
: }
: }
=
: %
2
o
s 10+
=
o
o
Q
0

220 240 260 280 300 320
Reactor temperature (for ToS =24 h) T in °C

Fig. 4 rco, at Trer = 260 °C after three-phase CO, methanation at
different Tr for ToS = 24 h; data provided by ref. 38.
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deactivation which occurs for Tx >260 °C. The loss of
catalytic activity increases with T.

4.2 Quantification of catalyst deactivation for steady-state
operation

To determine the reactor temperature that leads to catalyst
deactivation a ToS of 24 h was chosen (see Fig. 4). However,
after 24 h no steady-state operation of the reactor is reached,
Tco, is still decreasing and DBT hydrogenation reaction has
not reached chemical equilibrium. To quantify the loss in
catalytic activity for steady-state operation, an experiment was
carried out according to the experimental procedure
presented in section 3.2.2. The CO, reaction rate rco,
observed is shown in Fig. 5.

At the start of the experiment, the reactor temperature was
set to Tg = 260 °C for ToS = 120 h. During this time
hydrogenation of DBT occurs as a side reaction and reaches
its chemical equilibrium, which can be seen by the rise in
DoH and r¢o,. Tr = 260 °C is chosen, because at this T no
catalyst deactivation is observed (see Fig. 4). Once steady
state regarding rco, is reached, hydrogenation equilibrium is
assumed. The temperature is then increased to provoke
catalyst deactivation at Ty = 320 °C. The temperature increase
leads to an increase of rco, according to Arrhenius’ law.
However, the increase in rgo, is directly followed by a
decrease within the first three hours of the operating point.
Then a further but less pronounced decrease in rgo, is
observed until steady state is reached after ToS =~ 250 h.

The decrease of r¢o, at Tg = 320 °C can be explained by
catalyst deactivation. In the first three hours of the
experiment, the loss in catalytic activity is high. This could
be explained by deactivation caused by residues covering the
catalyst surface. This film is most likely formed in the first
hours in which deactivation occurs. In the following hours,
film thickness is increasing, which leads to additional
deactivation that is less pronounced.

x 103 Tr=260/320°C; py, = 13,2 bar; S=1; 7,04c0,= 10 kg-smol!

80

CO, reaction rate ¢, in mol-kg'-s’!
Degree of Hydrogenation DoH in %

t
-0 reo, at Ty =260 °C| §
—e- reo,at Ty =320°C i - 20
== DoH '

10 1 - 10
/) T = 260 °C | Ty =320°C 1 Tret
fr—-p -

0 T T | 0

0 36 72 108 144 180 216 252
Time on Stream 70S in h

Fig. 5 rco, and DoH over ToS for quantification of the loss of catalytic
activity for steady-state operation.
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Once rco, has reached steady state, Tk is reduced again
to Trer = 260 °C. Comparison of rco,, before deactivation
(ToS ~ 130 h) with rco,,, after deactivation (ToS =~ 280 h)
shows a decrease of approx. 50%.

Using the experimental procedure presented, the influence
of DBT hydrogenation on r¢o, can be neglected, as the DoH
is almost constant after ToS = 120 h. The loss of catalytic
activity to reach stationary operation is determined to be

TG0, 4 ‘/rcom =~ 0.5.

4.3 Identification of the catalyst deactivation mechanism

To identify the mechanism responsible for catalyst
deactivation in three-phase CO, methanation, the
mechanisms discussed in section 2.1 were considered and
reaction conditions were adjusted to identify the relevant
mechanism.

DBT hydrogenation experiments were performed without
CO, in the reactor. The experiments are discussed in detail in
ref. 36. For these experiments catalyst deactivation was also
observed, so the following deactivation mechanisms are ruled
out:

e Carbon deposition by Boudouard reaction (eqn (2)) is
ruled out, since no CO or CO, is present in DBT
hydrogenation experiments.

e Catalyst oxidation by water (eqn (4)) is ruled out. In DBT
hydrogenation experiments, no water is formed.

e Loss of catalytic activity due to the formation of nickel
tetracarbonyls Ni(CO), (eqn (3)) is ruled out, since no CO or
CO, is present in DBT hydrogenation experiments.

Furthermore, catalyst poisoning by impurities in the educt
gases is ruled out as a possible deactivation mechanism since
deactivation occurs only at high 7Tr and adsorption of
gaseous components should be more pronounced at low
temperature.

Catalyst poisoning by impurities in the used isomeric
mixture of DBT (Marlotherm SH) was evaluated. Adsorption

21073 Tr=260/320°C; pyy = 13,2 bar; $= 15 7,090, = 10 ke-smol”

90 P ———— = T |
= ol R AR NN I .- I R
‘s 804 P2t s N SRS A R -2480
"o \ | [Fresh DBT: | | K=
v 70 4 7 | | -M- DoH | 70 T
s N || e at Ty = 260 °C | S
E 60 / [ reoatf=3200C [60 ¢
R=! ) =
~ ] Reused DBT: s
S 501 T I'|-m- Do I [ -
/ B g at Ty =260 °C 0
2 404 ' co. T T Polao 2
e K 1| * reati=320¢) | ' =1
(=]
S 304 | E
k3t ’ S
< ’
8 204 1 20 8
~ ! ] ;51)
o II L
Q 104 Hydr. Meth. | Meth. Meth [* 10 A
I T=200°C T, =260°C | Tx=320°Cy Ty
0 T T T T —- 0

0 36 72 108 144 180 216 252
Time on Stream 70S in h

Fig. 6 rco, and DoH over ToS for the same reaction conditions using
fresh and reused DBT.
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of impurities on the catalyst surface can be ruled out, as it
should be more pronounced at low temperature, whereas
catalyst deactivation is observed at high temperature.
Another possibility is the decomposition of impurities at
high reactor temperature which leads to adsorption of
decomposition  products.  To  investigate = whether
decomposition of impurities is responsible for catalyst
deactivation, two experiments, one with fresh and one with
reused DBT, were performed.

The CO, reaction rate for both experiments is shown in
Fig. 6: for the first experiment DBT as it is delivered by the
manufacturer was used; for the second experiment DBT
from a former experiment was reused. The reused DBT was
in the CSTR for at least ToS = 120 h at Ty = 320 °C,
therefore it is assumed that a possible decomposition of
impurities has occurred and decomposition products are no
longer present in the liquid phase. By comparison of the
CO, reaction rates from these two experiments a possible
influence of impurities in DBT can be evaluated. Since
reused DBT already exhibits a DoH of approx. 75%, the DoH
of fresh DBT was adjusted accordingly by hydrogenation at
the beginning of the experiment. This was done by dosing
H, at Ty = 200 °C for ToS = 72 h. The reused DBT was also
hydrogenated for ToS = 24 h to achieve similar DoH for both
experiments. Subsequently, CO, methanation is started
according to the experimental procedure presented in
section 3.2.2. The CO, reaction rates for both fresh and
reused DBT are similar over ToS for the whole experiment at
both Tz = 260 °C and Ty = 320 °C. Since no difference in
CO, reaction rates and extent of catalyst deactivation can be
seen for fresh and reused DBT, deactivation is not caused by
poisoning due to decomposition of impurities incorporated
in commercially available DBT.

Catalyst deactivation is observed at high reactor
temperature, whereas DBT adsorption is more pronounced at
low temperature. Further, aromatic DBT molecules adsorb

Retention time second column fret2 In s

Retention time first column 7ret1 in min

Fig. 7 GC x GC-FID chromatogram of fresh DBT as delivered by the
manufacturer.

This journal is © The Royal Society of Chemistry 2025
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Retention time second column 7ret2 in s

Retention time first column fret 1 in min

Fig. 8 GC x GC-FID chromatogram of liquid sample taken from the
condensate vessel.

stronger on the catalyst surface,® so the deactivation should
be dependent on the DoH of DBT if it is caused by DBT
adsorption. Catalyst deactivation was observed at both low
DoH (e.g. DoH = 3% at Tg = 320 °C in Fig. 4) and high DoH
(e.g. DOoH =~ 80% at Tz = 320 °C in Fig. 6). The extent of
deactivation is rather dependent on reactor temperature than
it is on DoH. Hence, DBT adsorption is ruled out as the cause
for the observed catalyst deactivation.

A mechanism dependent on reactor temperature is DBT
decomposition, which can lead to catalyst deactivation by
adsorption of decomposition products or carbon deposition
on the catalyst surface. To check if DBT decomposition
occurs, liquid samples of fresh DBT and of evaporated DBT in
the condensate vessel were analyzed with GC x GC. The
corresponding experiment is shown in Fig. 5; in this case
catalyst deactivation was observed. The GC x GC-FID
chromatograms of the two samples are shown in Fig. 7 and 8.

In GC x GC analysis two columns are connected in
series: in the first column the components are separated
regarding their boiling point. Boiling point is increasing
with increasing retention time in the first column (tgecq)-
Additionally, the components are separated in the second
column depending on their polarity,. GC x GC analysis
was performed in reverse phase setup, and thus the
polarity of the components decreases with increasing
retention time (fget,)-

In the fresh DBT sample (Fig. 7) only components with
a high retention time in the first column (fge,; >30 min)
are detected (A;). Since the fresh DBT sample exhibits a
DoH = 0, these are HO-DBT molecules. In the sample taken
from the condensate vessel (Fig. 8) the concentration of
these molecules is much lower (Ag). This can be explained
by their boiling point: these components exhibit high
boiling points and tend to remain in the CSTR even at
high temperature. Hence, their concentration in the
condensate vessel is low.

This journal is © The Royal Society of Chemistry 2025
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Another explanation for the low concentration of HO-DBT
molecules in the sample taken from the condensate vessel
(Ag) is DBT hydrogenation. As discussed in section 2.2, DBT
hydrogenation occurs as a side reaction in three-phase CO,
methanation. A stepwise hydrogenation of the aromatic rings
of DBT is observed. As a result, the (partially) hydrogenated
DBT components H6-DBT (Bg), H12-DBT (Cg) and H18-DBT
(Dg) are detected in the sample taken from the condensate
vessel. The polarity and boiling point of partially
hydrogenated DBT molecules are decreasing with increasing
DoH.

If DBT decomposition occurs in the CSTR, decomposition
products with low boiling point should be detected at low
tret,1- These components are observed in the liquid phase
sample taken from the condensate vessel, whereas they are
not present in the fresh DBT sample. In the chromatogram
(see Fig. 8) they are detected at tger; <25 min (Eg). The
molecules are identified by mass spectroscopy; they consist
of benzyl toluene isomers, xylene, benzene and toluene.
These are typical DBT decomposition products which are also
observed in DBT dehydrogenation.”**° Furthermore, CH,
was detected in the product gas in DBT hydrogenation
experiments. For these experiments no CO, is present in the
reactor; hence the detected CH, also has to be a
decomposition product of DBT.

The existence of DBT decomposition products in the
condensate vessel and in the gas phase proves that DBT
decomposition occurs in three-phase CO, methanation with
a Ni/SiO, catalyst at high reactor temperature. DBT
decomposition is a possible cause for the -catalyst
deactivation  observed at high temperature since
decomposition occurs at high temperature.

Regarding the possible mechanisms discussed in section
2.1, two are remaining: adsorption of DBT decomposition
products and carbon deposition due to DBT decomposition.
To check which mechanism is responsible for catalyst
deactivation, the fresh reduced catalyst and used deactivated
catalyst from the experiment shown in Fig. 5 were analyzed
with scanning electron microscopy. The corresponding SEM
images are shown in Fig. 9 and 10.

Fig. 9 SEM image of fresh reduced Ni/SiO, catalyst.
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Fig. 10 SEM image of used deactivated Ni/SiO, catalyst.

The used deactivated catalyst was prepared for SEM using
Soxhlet extraction with toluene to wash off the DBT.
Comparing the two SEM images, residues can be seen
covering the deactivated catalyst's surface. This could be
remaining DBT, which is unlikely due to the vacuum
established in SEM. Another explanation is the formation of
carbon deposits on the catalyst surface formed by DBT
decomposition.

The catalyst was additionally analyzed using TGA. The
resulting diagrams are shown in Fig. 11 and 12.

In Fig. 11 the temperature program and the sample mass
as a function of time are shown. At the start of the
experiment, an inert gas flow of Ar is established and the
temperature is increased to 380 °C to allow the evaporation
of DBT which is remaining on the catalyst surface. When
steady state regarding sample mass is reached, full
evaporation of DBT is assumed. The temperature is then
increased to 600 °C, resulting in a further loss of sample
mass. This loss can be explained by structural changes in the
morphology of the catalyst. After steady state is reached, the
temperature is decreased to ambient temperature and the
gas flow is changed to a mixture of Ar and 3% O,. In the
following temperature ramp up, the sample mass increases

900 100
® Temperature 7’
= Sample mass m,,[] 95

490

800

700 1 100 % Ar

97 % Ar, 3% O,

600 H
500 H
400 H

300

Temperature T in °C

200

1 0,
Sample mass m,, in mass-%

100

0 1 1 1 1 1 1 55
0 100 200 300 400 500 600

Time 7 in min
Fig. 11 Temperature program and sample mass of a deactivated Ni
catalyst sample wetted by DBT.
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Fig. 12 Excerpt from TGA for the temperature ramp starting at t =
380 min.

due to oxidation of the reduced Ni on the catalyst surface
until a temperature of 600 °C is reached.

To check if carbon deposits are present on the deactivated
catalyst surface, catalyst samples of fresh reduced catalyst
wetted with DBT and of deactivated catalyst wetted with DBT
are compared in Fig. 12. The sample mass is shown
dependent on temperature for the temperature ramp starting
at ¢ =380 min of the TGA experiment (Fig. 11). Since the
samples differ in the amount of DBT, the remaining sample
mass is adjusted to mg, = 100% after DBT evaporation and
structural change in catalyst morphology (¢ = 380 min).

The mass of both samples is increasing with increasing
temperature due to Ni oxidation. Using the nickel loading of
the catalyst the theoretical change of catalyst mass by nickel
oxidation is calculated to be =10%. In the case of the fresh
reduced catalyst, this value is reached.

For the deactivated catalyst sample, the sample mass
reaches a maximum at around 400 °C. Subsequently, a loss
in sample mass is observed, which is possibly due to carbon
oxidation and which is not observed for the reduced catalyst
sample. As a result of carbon oxidation, new Ni particles are
exposed to the O, atmosphere, and an increase in sample
mass follows. These steps are repeated, so an alternating
sample mass is detected. This phenomenon is not observed
for the fresh reduced catalyst.

In summary, thermogavimetric analysis of the deactivated
catalyst shows a reduction in sample mass at high
temperature in an O,-containing atmosphere. This is
probably due to the oxidation of carbon deposits formed on
the catalyst surface by DBT decomposition.

Conclusions

In this work, catalyst deactivation in three-phase CO,
methanation was observed. An experimental procedure was
chosen to eliminate the influence of DBT hydrogenation
reaction on CO, methanation reaction rate to quantify the
loss in catalytic activity.

This journal is © The Royal Society of Chemistry 2025
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Catalyst deactivation is observed for T >260 °C; the loss
in catalytic activity increases with increasing Tx. Experiments
at high Ty showed that the loss in catalytic activity for steady-
state operation is approx. 50%.

Reaction conditions were varied to investigate the
mechanism responsible for catalyst deactivation. Product gas
analysis and liquid phase analysis by GC x GC showed that
DBT decomposition is occurring in three-phase CO,
methanation at high temperature. Analysis of the used
catalyst showed that catalyst deactivation is caused by carbon
deposition on the catalyst surface.

The catalyst deactivation mechanism presented in this
work should be considered regarding reactor design and
operating conditions chosen for three-phase CO,
methanation in a slurry bubble column reactor. Further, the
observation of catalyst deactivation due to DBT
decomposition and carbon deposition is also of interest for
other applications such as the use of DBT as a liquid organic
hydrogen carrier.
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